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Prohormones are directed from the trans-Golgi network to secretory granules of the regulated
secretory pathway. It has further been proposed that prohormone conversion by endoproteolysis
may be necessary for subsequent retention of peptides in granules and to prevent their release by
the so-called “constitutive-like” pathway. To address this directly, mutant human proinsulin
(Arg/Gly®?:Lys/Thr®*), which cannot be cleaved by conversion endoproteases, was expressed in
primary rat islet cells by recombinant adenovirus. The handling of the mutant proinsulin was
compared with that of wild-type human proinsulin. Infected islet cells were pulse labeled and
both basal and stimulated secretion of radiolabeled products followed during a chase. Labeled
products were quantified by high-performance liquid chromatography. As expected, the mutant
proinsulin was not converted at any time. Basal (constitutive and constitutive-like) secretion was
higher for the mutant proinsulin than for wild-type proinsulin/insulin, but amounted to <1%
even during a prolonged (6-h) period of basal chase. There was no difference in stimulated
(regulated) secretion of mutant and wild-type proinsulin/insulin at any time. Thus, in primary
islet cells, unprocessed (mutant) proinsulin is sorted to the regulated pathway and then retained

in secretory granules as efficiently as fully processed insulin.

INTRODUCTION

The regulated secretory pathway allows for quantal release
of appropriate amounts of secretory proteins in rapid re-
sponse to extracellular stimuli. This is the hallmark of many
exocrine and neuroendocrine cells and depends upon the
efficient sorting of secretory products to secretory granules
and storage in these organelles before stimulation of exocy-
tosis. Although much progress has been made in the under-
standing of this highly specialized pathway since its original
description by Palade (1975) and because the clear distinc-
tion was made between its kinetics and those of the consti-
tutive secretory pathway that is active in all cells (Kelly,
1985), a number of key events remain to be understood. In
particular, the precise mechanisms allowing for sorting of
proteins to the regulated secretory pathway remain unclear.
It is well established that an initial sorting event (Moore and
Kelly, 1985, 1986) occurs within the trans-Golgi network
(TGN) (Orci et al., 1987a; Halban and Irminger, 1994) allow-
ing for delivery of proteins to nascent secretory granules;
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so-called “sorting for entry” (Arvan and Castle, 1992, 1998).
The mechanism of this sorting event remains controversial
(Thiele et al., 1997; Thiele and Huttner, 1998; Molinete et al.,
2000). It has further been suggested that storage of proteins
within granules is ensured by an additional (and possibly
dominant) mechanism, so-called “sorting by retention” (Ar-
van and Castle, 1992, 1998). This latter sorting event has
been suggested to depend upon the physicochemical prop-
erties of proteins in granules, and notably upon their ability
to condense.

Insulin secretion from the pancreatic B-cell is a useful and
well-studied model system for the study of regulated secre-
tion, for two main reasons. First, sorting to the regulated
pathway of this cell is particularly well regulated. We thus
demonstrated many years ago that >99% of all newly syn-
thesized proinsulin is directed to this pathway in primary
rat B-cells (Rhodes and Halban, 1987). Second, and by the
very nature of the proteins handled by the B-cell, it affords a
particularly attractive model system for the study of sorting
mechanisms. Proinsulin is converted by endoproteolysis to
insulin and C-peptide. Whereas both proinsulin and C-pep-
tide are believed to remain soluble within granules, insulin
can form Zn-hexamers and in turn crystallizes in the major-
ity of mammalian species (Emdin et al., 1980). Others have
capitalized on such differences in physicochemical proper-
ties to study the fate of proinsulin and insulin respectively in
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the regulated pathway and they concluded that proinsulin is
sorted normally to granules but that it is not retained well
within this secretory compartment unless it can be con-
verted to insulin (Kuliawat et al., 2000). It has further been
proposed that proteins not retained within granules are
removed in vesicles budding off from them and secreted by
the so-called “constitutive-like” pathway, presumably after
passage through the endosomal compartment (Turner and
Arvan, 2000).

Previous studies on proinsulin sorting/retention have
been performed in transformed B-cells or other transformed
regulated secretory cell types (Kuliawat et al., 2000). Yet, it is
clear that even the most well-differentiated transformed cells
do not faithfully reproduce all features of the primary cell
counterpart. This is certainly true of the B-cell (Nagamatsu
and Steiner, 1992; Neerman-Arbez and Halban, 1993; Neer-
man-Arbez et al., 1993). The present study was designed to
overcome this problem by following the fate of proinsulin
and insulin in primary rat g-cells and with a view to deter-
mining definitively whether proinsulin endoproteolysis is
important for efficient regulated secretion. To this end, either
native human proinsulin or a mutant that is not subject to
endoproteolytic cleavage (Docherty et al., 1989) was ex-
pressed in rat islet cells by recombinant adenovirus infec-
tion. The kinetics of secretion from pulse-labeled cells were
followed under basal and stimulated conditions during 7 h
of chase. The results show clearly that unprocessed proin-
sulin is sorted to granules, as expected, and retained within
them as efficiently as fully processed insulin.

MATERIALS AND METHODS

Materials

All Materials were obtained from Sigma-Aldrich (St. Louis, MO)
unless otherwise specified.

Islet Isolation and Establishment of Islet Cells in
Monolayer Culture

Islets of Langerhans were isolated from the pancreas of adult male
Wistar rats (180—220 g) by using the collagenase digestion method
and purification by centrifugation on a discontinuous density gra-
dient as described in detail previously (Rouiller et al., 1990). To
obtain a suspension of islet cells, islets were digested with trypsin
(Rouiller et al., 1990). The dispersed islet cell population, consisting
largely of single cells, was placed in culture overnight to allow for
recovery from the isolation/dispersion procedure [2.8 X 10°
cells/10 ml DMEM, 10% fetal calf serum, 11.2 mM glucose-
(DMEM), in 10-cm-diameter plastic Petri dishes suitable for bacte-
rial culture and to which mammalian cells do not attach]. The
following day, cells were concentrated in the same culture medium
and seeded in droplets (6 X 10* cells/70-ul droplet) on the surface
of plastic Petri dishes suitable for mammalian cell culture and
precoated with matrix secreted from 804G (rat bladder carcinoma)
cells (a generous gift of Desmos, San Diego, CA) to enhance cell
attachment and spreading (Bosco et al., 2000). After 1824 h in
culture, the cells had formed monolayers, shown previously to
allow for optimal infection of the largest number of primary islet
cells by recombinant adenovirus (Molinete ef al., 2001).

Replication-deficient Adenovirus Expressing Native
or Mutant Human Proinsulin

c¢DNA encoding mutant (Arg/Gly**Lys/Thr*) human preproinsu-
lin was obtained from Dr. K. Docherty (University of Aberdeen,
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Aberdeen, Scotland). Preparation of replication-deficient recombi-
nant adenovirus expressing wild-type human proinsulin (Adeno-
proins.wt), mutant proinsulin (Adeno-proins.mut), or control with-
out insert (“control” virus:Adeno-GFP) was as described previously
(Molinete et al., 2001). Both the mutant proinsulin and the control
virus expressed green fluorescent protein (GFP), allowing for direct
assessment of infection in living cells. Monolayers were washed in
DMEM and then infected with adenovirus for 90 min in DMEM.
The infected cells were washed two times with phosphate-buffered
saline and then cultured for 24 h to allow for expression of trans-
duced protein. The multiplicity of infection was established empir-
ically for each virus to obtain infection of >90% of the cells with no
visible signs of toxicity (as evidenced by rounding up of cells and
detachment from the surface of the dish) and as described previ-
ously (Molinete et al., 2001).

Pulse-Chase Experiments

One day after infection with recombinant adenovirus, the cells were
washed three times with Krebs-Ringer bicarbonate buffer, 10 mM
HEPES, pH 7.4, 0.25% bovine serum albumin (KRB-BSA), 16.7 mM
glucose, preincubated 15 min at 37°C, and then pulse labeled (30
min) in 100 pl of this same buffer with 100 pCi of [*H]leucine
(specific radioactivity 100-200 Ci/mmol; Anawa Trading, Wangen,
Switzerland). The labeled cells were washed three times and then
incubated in 2 ml of KRB-BSA, 2.8 mM glucose, 0.5 mM leucine for
a basal chase period of 1 or 6 h. After each period, the basal chase
medium was centrifuged (600 rpm; 10 min) to remove any floating
cells and kept frozen before analysis. The cells were incubated for a
further 1 h in KRB-BSA, 16.7 mM glucose with 0.1 mM isobutylm-
ethyl xanthine (IBMX) and 5 uM forskolin to stimulate secretion.
After this period of stimulation, the chase medium was centrifuged
as described above and the cells were extracted in 1 M acetic acid,
0.1% BSA and both were kept frozen before analysis. Chase media
were acidified by addition of 1 M HCl to a final concentration of 20
mM before chromatography. To study the kinetics of degradation of
mutant proinsulin during the first hours of chase and to see whether
lactacystin could inhibit such degradation, cells in monolayer were
infected with Adeno-proins.mut or Adeno-GFP and 1 d later pre-
incubated for 90 min in DMEM without serum with or without
(controls) 20 uM lactacystin and then handled as described above
for a 10-min labeling period followed by a 2-h chase under basal
conditions with or without (controls) 20 uM lactacystin. Cells were
extracted in acetic acid at set times and the extracts analyzed by
high-performance liquid chromatography (HPLC).

Reverse-Phase HPLC

Radiolabeled proinsulin/insulin-related peptides were separated
and quantified by reverse phase-HPLC as described in detail pre-
viously (Sizonenko and Halban, 1991; Sizonenko et al., 1993;
Irminger et al., 1994). The system was calibrated for human peptides
by using authentic unlabeled standards of human proinsulin, des-
64,65- and des-31,32-split proinsulin, and insulin (generous gifts of
Eli Lilly, Indianapolis, IN) and for rat peptides by using radiola-
beled products secreted from pulse-chased INS-1 (rat insulinoma)
cells (Sizonenko and Halban, 1991). To identity mutant (Arg/Gly>*:
Lys/Thr*) human proinsulin and calibrate the HPLC system, INS
cells were infected with the mutant proinsulin adenovirus, pulse
labeled, chased under basal conditions for 1 h, and then stimulated
with a mixture of secretagogues for 1 h (Neerman-Arbez et al., 1993).
Radiolabeled products in the stimulated medium were analyzed by
HPLC and compared with those secreted from INS cells infected
with control virus. The radioactive products were immunoprecipi-
tated using guinea pig anti-insulin serum by using standard condi-
tions known to allow for quantitative precipitation of both proin-
sulin and insulin (Halban et al., 1980). Nonimmune serum was used
as control. Immunoprecipitation supernatants and pellets were an-
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Figure 1. Primary sequence of
mutant  (Arg/Gly®*:Lys/Thr®%)
and wild-type human proinsulin.
The two amino acids altered in
the mutant are underlined. The
sites of cleavage of proinsulin by
the conversion endoproteases are
indicated by the arrows.

Wildtype:

alyzed by HPLC after removal of immunoglobulins by using a
SepPak cartridge (Waters Division, Millipore, Milford, MA).

Statistics

Unless stated otherwise, data are presented as mean * SE for three
independent experiments. Statistical significance of differences be-
tween groups was assessed using Student’s unpaired ¢ test.

RESULTS

Identification of Mutant Proinsulin by HPLC and
Quantification of Human and Rat
Proinsulin/Insulin

The mutant human proinsulin used in this study carries two
mutations leading to the replacement of Arg®? by Gly and of
Lys®* by Thr (Figure 1). The mutant proinsulin has been
shown to be resistant to cleavage by both conversion endo-
proteases PC2 and PC3 and cannot therefore be processed
(Docherty et al., 1989; Taylor and Docherty, 1992). Although
there are well-established methods for analysis and quanti-
fication of proinsulin, and its conversion intermediates, in-
sulin and C-peptide of both rat and human origin, it is not
easy to predict where a mutant molecule will elute. It was
thus first necessary to establish a method for the unequivo-
cal identification and quantification of the mutant proinsulin
in presence of normal rat islet cell products. The direct
comparison of radiolabeled products secreted from islets
infected with Adeno-GFP (control), Adeno-proins.wt, or
Adeno-proins.mut revealed the presence of an as yet un-
identified peak coeluting with rat des-31.32-split proinsulin
at 30 min (Figure 2, bottom). To determine whether this peak
corresponded to the mutant proinsulin, INS-1 cells were
pulse labeled and secreted products subject to immunopre-
cipitation by using anti-insulin serum recognizing also pro-
insulin and its conversion intermediates. It was assumed
that this broad cross-reactivity would allow for precipitation
of the mutant proinsulin molecule despite its modified se-
quence. Such was the case (Figure 3). INS-1 cells infected
with Adeno-proins.mut presented a peak of radioactivity in
addition to the known peaks expected for rat proinsulin and
its conversion products. This peak, eluting at ~30 min was
immunoprecipitated by anti-insulin but not by nonimmune
serum, confirming that it is indeed the mutant proinsulin.
It was apparent from comparison of the elution profile of
cells expressing only (endogenous) rat proinsulin, its con-
version intermediates and insulin, with those expressing in
addition either human proinsulin (and its conversion inter-
mediates and insulin) or the mutant proinsulin, that there
was coelution of products of immediate interest. In particu-
lar, human proinsulin coeluted with des-64,65-split rat pro-

Vol. 14, March 2003

Regulated Secretion of Proinsulin

v }

30 31 32 33 63 64 65 66

B-chain.....Lys.Thr.Arg.Arg.Glu....C-peptide....Leu.GIn.Lys.Arg.Cly....A-chain

Mutant: B-chain.....Lys.Thr.Arg.Gly.Glu... C-peptide....Leu.GIn.Thr.Arg.Gly... .A-chain

insulin and the mutant human proinsulin coeluted with
des-31,32-split proinsulin. Control experiments revealed no
impact of the expression of either native or mutant human
proinsulin on the kinetics of conversion of rat proinsulin (see
below; Table 2). It was thus possible to calculate the contri-
bution of the rat proinsulin conversion intermediates to the
native or mutant human proinsulins, allowing for precise
calculation of the radioactivity in all proinsulin-related
products of both rat and human origin.
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Figure 2. HPLC analysis of INS-1 cells expressing mutant (Arg/
Gly®2:Lys/Thr®*) human proinsulin. INS cells were infected with
control adenovirus expressing only GFP (top) or with adenovirus
expressing the mutant human proinsulin (bottom). After a pulse
chase, secretion was stimulated and labeled secretory products an-
alyzed by HPLC. There was a new peak eluting at 30-32 min in cells
infected with the mutant human proinsulin virus (bottom), as indi-
cated by the arrow. Peak identity: I, rat insulins; II, rat des-31,32-
split proinsulins and mutant (Arg/Gly*% Lys/Thr®!) human proin-
sulin; III, rat des-64,65-split proinsulins; and IV, rat proinsulins.
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Figure 3. Immunoprecipitation and HPLC analysis of mutant
(Arg/Gly**Lys/Thr®*) human proinsulin. INS-1 cells were infected
with adenovirus expressing the mutant human proinsulin. After a
pulse chase, secretion was stimulated and secretory products were
immunoprecipitated by using anti-insulin or nonimmune serum
and then analyzed by HPLC. Top, immunoprecipitation pellets.
Bottom, immunoprecipitation supernatants. The mutant proinsulin
(arrow) was precipitated quantitatively by anti-insulin serum. Peak
identity: I, rat insulins; I, rat des-31,32-split proinsulins and mutant
(Arg/Gly**Lys/Thr®) human proinsulin; III, rat des-64,65-split
proinsulins; and 1V, rat proinsulins.

Proinsulin Biosynthesis and Conversion

Islet cells were infected with Adeno-proins.wt or Adeno-
proins.mut and 24 h later, they were pulse labeled for 30
min. After a brief 15-min chase period under basal condi-
tions (shown previously to be needed to ensure maximal
labeling of proinsulin and during which time there was no
detectable secretion of labeled products), the cells were ex-
tracted and analyzed by HPLC to quantify the radiolabeling
of proinsulin as well as the small amounts of conversion
products present at this time (Table 1). The mutant human
proinsulin was expressed at 39% that of the wild type that in
turn was expressed at 17% of rat proinsulin. There was no
significant difference in the labeling of rat proinsulin for cells
infected with Adeno-proins.wt or Adeno-proins.mut.
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Table 1. Incorporation of radioactivity into human and rat proinsulin

Total Proinsulin-related

Radioactivity

(dpm < 1073)
Virus Human Rat
Adeno-proins.wt 88 =15 507 =99
Adeno-proins.mut 34 +1 451 = 55

Rat islet cells were infected with adenovirus expressing wild-type
(Adeno-proins.wt) or mutant (Arg/Gly**:Lys/Thr®*) proinsulin
(Adeno-proins.mut) and pulse labeled for 30 min. Cell extracts were
analysed by HPLC to quantify radioactivity in human and rat
proinsulin.

As expected, the mutant proinsulin was not converted at
any time point (Docherty et al., 1989; Taylor and Docherty,
1992). The extent of proinsulin conversion for the rat or the
wild-type human molecule increased as expected with time
of chase (Table 2). The differences in the conversion of hu-
man and rat proinsulin are related to differences in the
primary sequence of human proinsulin and the two nonal-
lelic rat proinsulins as shown previously (Sizonenko and
Halban, 1991; Sizonenko et al., 1993). Note that no effort was
made to separate the products of the two nonallelic rat
preproinsulin genes; this was not considered relevant to the
present study because the rat peptides served only as inter-
nal control. No significant differences in conversion of rat
proinsulin were seen between islet cells infected with ade-

Table 2. Conversion of human and rat proinsulin in pulse-chased
rat islet cells

Proinsulin Conversion (%)

Adeno- Adeno-

Adenovirus proins.wt proins.mut
Proinsulin species Human wt Rat Rat

1 h Basal medium 554*+78 351*24 46885
+ 1 h stimulated medium 965=*12 967 0.1 979 *=0.2
1 + 1 h cell extracts 91332 947*02 932=*x0.1
6 h Basal medium 707 =83 643 *45 728=*27
+ 1 h stimulated medium 100 992 0.1 995=*0.1
6 + 1 h cell extracts 96.7 06 97805 97.7+04

mut, Arg/Gly3*Lys/Thr® human proinsulin; wt, wild-type human
proinsulin.

Islet cells were infected as indicated with adenovirus expressing
wild-type (Adeno-proins.wt) or mutant (Arg/Gly*?:Lys/Thr®*) pro-
insulin (Adeno-proins.mut) and pulse labeled for 30 min. The cells
were then chased under basal conditions for 1 or 6 h followed in
each instance by a 1-h period of stimulation with secretagogues.
Radioactive products were analyzed by HPLC. Proinsulin conver-
sion is presented as (insulin/insulin + conversion intermediates +
proinsulin) X 100. Data are for the conversion of human wild-type
proinsulin or endogenous rat proinsulin in cells infected with one or
the other recombinant adenovirus. There was no detectable conver-
sion of the mutant proinsulin at any time (our unpublished data).
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novirus expressing wild-type or mutant proinsulin, and nei-
ther was there any difference between infected and nonin-
fected cells (our unpublished data). Furthermore, no
differences in conversion were seen in cells over a 2-h period
under (basal) conditions in which essentially all labeled
proinsulin and insulin was retained in the cells (our unpub-
lished data). This is taken to indicate that there was no
untoward effect of viral infection per se as can occur if the
multiplicity of infection is too high.

On the basis of these results, it became apparent that the
model system behaved as expected and that the fate of
converted (wild-type) or of nonconverted (mutant) human
proinsulin could be compared directly in the same setting
(infected rat islet cells), with the rat proinsulin-related pep-
tides serving as internal standard and to confirm that ad-
enoviral infection or expression of human proinsulin did not
affect islet cell function.

Fate of Newly Synthesized (Radiolabeled)
Proinsulin/Insulin

To determine the impact of blocking proinsulin endoprote-
olysis on its fate within the cell, and most notably its han-
dling by the regulated pathway, adeno-infected, pulse-la-
beled islet cells were chased under basal conditions (2.8 mM
glucose) for 1 or 6 h followed in each instance by a 1-h
period of stimulation (16.7 mM glucose, 0.1 mM IBMX, 5 uM
forskolin). Radiolabeled products were quantified in the
basal and stimulated chase buffers and in cell extracts at the
end of the stimulation. To follow the fate of rat proinsulin
and the wild-type human molecule, proinsulin, conversion
intermediates and insulin were summed [and indicated as
“(pro)insulin”]. Given that the mutant proinsulin was not
subject to proteolytic cleavage, only the intact molecule was
taken into consideration.

Basal secretion was significantly higher for mutant (un-
converted) proinsulin than for human (pro)insulin at both 1
and 6 h of chase (Figure 4). Significantly, however, <1% of
mutant proinsulin had been secreted even after 6 h of basal
chase. There was no difference in the percentage of labeled
mutant and wild-type (pro)insulin released during the 1-h
periods of stimulation after either 1 or 6 h of basal chase
(Figure 5).

The total amount of radioactive (pro)insulin was esti-
mated by summing that in the basal and stimulated media
and in cell extracts after a total of 2 h (1 h basal + 1 h
stimulated) or 7 h (6 h basal + 1 h stimulated) of chase.
There was no significant loss of the wild-type molecules
during the entire 7-h period (Figure 6, right). By contrast,
24% of the mutant proinsulin was lost from the system after
2 h of chase (Figure 6, left). There was no further loss
between 2 and 7 h of chase.

Kinetics of Degradation of Mutant Proinsulin and
Its Inhibition by Lactacystin

To monitor the kinetics of degradation of the mutant proin-
sulin in greater detail during the first 2 h of chase, cells were
labeled for a shorter period of time (10 min) and the extent
of degradation monitored at 30, 60, and 120 min of chase.
The results indicated only 2% degradation by 30 min but
with a major increase to 18% by 60 min and with only a
modest further increase to 21% by 120 min (Figure 7). These
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Figure 4. Proinsulin and insulin secretion from primary rat islet
cells under basal conditions. Islet cells were infected with adenovi-
rus expressing mutant (Arg/Gly>%:Lys/Thr) or wild-type human
proinsulin and then pulse labeled. Secretion of labeled products was
followed during a 6-h chase under basal conditions. Labeled prod-
ucts were quantified by HPLC. For the wild type, data are for the
sum of proinsulin, conversion intermediates, and insulin. There was
no conversion of the mutant proinsulin. Secretion is expressed as a
percentage of the total proinsulin/insulin in chase medium plus cell
extracts. There was significantly more mutant proinsulin secreted at
both 1 h (*p < 0.01) and 6 h (**p < 0.05) of chase. Note, however,
that <1% of mutant proinsulin had been secreted during the entire
6-h basal chase period.

kinetics are reminiscent of proteosomal degradation of pro-
teins retained in the ER. This was substantiated by the
observation that the extent of degradation over the full 2-h
period was decreased to just 9% by the proteosomal inhib-
itor lactacystin (Figure 7). There was no apparent effect of
lactacystin on the conversion of endogenous rat proinsulin
and neither was there any effect on basal secretion (our
unpublished data).

DISCUSSION

It is well established that unprocessed proinsulin is sorted
within the TGN to immature, clathrin-coated granules (Orci,
1982, 1985; Orci et al., 1987a) and that conversion to insulin
and C-peptide occurs in maturing granules (Orci, 1985, 1986;
Orci et al., 1985, 1986, 1987b). The mutant proinsulin used in
the present study contains two alterations, Agr/Gly>? and
Lys/Thr¢%, resulting in the loss of two charged, basic resi-
dues and most significantly, that of paired basic residues at
the two cleavage sites for the conversion endoproteases. The
sorting of this mutant proinsulin to the regulated pathway
seems to be as efficient as for the native protein, suggesting
that, unlike for other proteins (Feliciangeli et al., 2001; Feli-
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Figure 5. Stimulated secretion of mutant (Arg/Gly**:Lys/Thr®*) or
wild-type proinsulin/insulin from primary rat islet cells. Islet cells
were infected with adenovirus expressing mutant (Arg/Gly*>:Lys/
Thr®) or wild-type human proinsulin and then pulse labeled. Cells
were chased under basal conditions for 1 h or for 6 h followed in
each instance by a 1-h period of stimulation (glucose, IBMX, and
forskolin). Labeled products in the stimulated medium were ana-
lyzed and data presented as described in the legend to Figure 4.

ciangeli and Kitabgi, 2002), pairs of basic residues are not

implicated in sorting of proinsulin within the TGN.
Having established normal sorting to the regulated path-

way, the major question to be addressed in this study was
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100
g
£
S
e
:é-. 50+
=
s
o
|_

0

Chase(h) 0 2 7 0 2 7

Figure 6. Degradation of human mutant proinsulin in primary rat
islet cells. Islet cells were infected with adenovirus expressing mu-
tant (Arg/Gly*?:Lys/Thr®*) or wild-type human proinsulin, pulse
labeled, and chased for 1 or 6 h under basal conditions followed in
each instance by 1 h of stimulation, for total chase times of 2 and 7 h,
respectively. The radiolabeled proinsulin/insulin was measured in
basal and stimulated chase media and in cell extracts and summed.
There was loss of 23% mutant proinsulin due to degradation during
the first 2 h of chase but not thereafter. There was no significant loss
of wild-type human proinsulin.
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Figure 7. Kinetics of degradation of newly synthesized mutant
proinsulin and inhibition by lactacystin. To monitor the kinetics of
degradation of newly synthesized mutant (Arg/Gly®*Lys/Thr%)
proinsulin, islet cells infected with adenovirus expressing the mu-
tant proinsulin were pulse labeled (10 min) and chased under basal
conditions for 30, 60, or 120 min in presence or absence of the
proteosome inhibitor lactacystin (20 uM). (A) Degradation of mu-
tant proinsulin with time of chase. (B) Effect of lactacystin on deg-
radation of mutant proinsulin during a 2-h chase. Data are means of
duplicate observations from one of two independent experiments.

whether unprocessed proinsulin was retained within gran-
ules (so-called sorting by retention; Arvan and Castle, 1998)
as effectively as fully processed insulin. In previous studies,
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it was suggested that removal of soluble proteins from gran-
ules arises over several hours (Kuliawat ef al., 2000). This is
in itself surprising, given that maturation of granules in the
B-cell is very rapid, occurring in parallel with progressive
granule acidification and proinsulin conversion (Orci et al.,
1987b, 1994) and largely complete within a couple of hours
in primary rat B-cells. Notwithstanding, we elected to follow
the fate of the mutant proinsulin over a total chase time of
6 h under basal conditions. Secretion under basal conditions
is considered to be the sum of constitutive secretion (the
bona fide constitutive pathway, with discharge by exocyto-
sis of vesicles formed at the TGN), constitutive-like secretion
(the so-called postgranular pathway, involving secretion
from vesicles formed from granules), and true basal secre-
tion from the regulated pathway (exocytosis from large
dense-core secretory granules). Although there is no direct
means of distinguishing between these three pathways, the
total amount of material secreted under basal conditions
from primary B-cells is in any event extremely low. Thus,
<1% newly synthesized proinsulin or insulin had been re-
leased during a 6-h basal chase period. There was signifi-
cantly more mutant proinsulin than wild-type proinsulin
plus insulin released during this time. One could argue that
this difference reflects secretion of mutant proinsulin not
retained in granules and released via the constitutive-like
pathway just as described by Kuliawat et al. (2000). If so, we
estimate that only 0.6% newly synthesized mutant proinsu-
lin was released in this manner. We do not consider this of
physiological significance and neither can this trivial
amount be considered as relevant to our understanding of
the cell biology of the regulated secretory pathway. It is thus
important to stress that primary cells were studied herein,
whereas transformed cells with their known peculiarities
(and perhaps a more active constitutive-like pathway) were
used by others (Kuliawat et al., 2000). Another difference is
that in the present studies the nonconverted (mutant) pro-
insulin was expressed in cells producing large amounts of
native, endogenous (rat) proinsulin. The mutant proinsulin
may thus have been retained in granules due to association
with the endogenous insulin. If this does occur it would be
another natural consequence of using primary insulin-pro-
ducing cells. We cannot, however, exclude the possibility
that the mutant proinsulin is retained in granules by virtue
of aberrant physiochemical properties intrinsic to this un-
natural molecule and leading to its condensation in gran-
ules. Regardless, the results do show unequivocally that
conversion of proinsulin is not a prerequisite for retention in
granules.

There was a considerable amount of mutant proinsulin
lost from the system during the first 2 h of chase in the face
of no loss of wild-type proinsulin plus insulin. This rela-
tively rapid loss of ~20% of mutant proinsulin is attributed
to intracellular degradation. Its time course is not indicative
of crinophagy (fusion of granules with lysosomes) that typ-
ically takes days rather than hours (Halban and Wollheim,
1980; Halban and Renold, 1983). Had degradation been due
to transfer from granules to the endosomal system and from
there to lysosomes (Turner and Arvan, 2000), again the
timing would have been very different, with relative stabil-
ity during the first few hours of chase followed by degrada-
tion thereafter. Rather, we suggest that this is consequent to
(partial) misfolding and/or unusually slow transit through
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of the mutant molecule with recognition by the quality
control process of the rough endoplasmic reticulum and
proteolysis by 26S proteosomes (for reviews, see Jarosch et
al., 2002; Kaufman et al., 2002). The inhibition of this degra-
dation by the proteosome inhibitor lactacystin supports this
hypothesis. Molecules that escape such degradation soon
after synthesis and having been delivered from the rough
endoplasmic reticulum to the Golgi complex, would remain
very stable throughout the remainder of the experimental
period, in keeping with our results. It is not clear from the
present study whether mutant proinsulin retained in gran-
ules is correctly folded. However, the elution time of this
molecule from HPLC is as predicted for a correctly folded
proinsulin molecule lacking basic residues and the mutated
residues are in any event predicted to be on the surface of
the molecule (and accessible to the conversion endopro-
teases) (Blundell et al., 1972; Emdin ef al., 1980). The muta-
tions may thus slow rather than prevent normal folding.

The present finding of highly efficient sorting of unproc-
essed proinsulin to secretory granules followed by retention
and storage in this compartment contrasts with the findings
of others. Arvan and colleagues have thus demonstrated in
mammalian cells (Kuliawat et al., 2000) and in yeast (Zhang
et al., 2001) that proinsulin processing is necessary for nor-
mal retention in the regulated secretory compartment. We
do not challenge these previous findings. The experimental
approaches and settings are so different as to prevent direct
comparison. We intentionally restricted our study to pri-
mary islet cells. We consider this to be the gold-standard
cellular setting for the study of the regulated secretory path-
way for insulin and its biosynthetic precursors (Rhodes and
Halban, 1987). The present study is the first to examine
directly the fate of unprocessed proinsulin in B-cells over
long periods. This is usually impossible given the rapid
kinetics of conversion of this prohormone. The expression of
human proinsulin in rat islet cells did not alter the handling
of endogenous rat proinsulin. It was felt important to limit
the level of expression of the human proinsulin so as not to
overload the regulated secretory pathway and to ensure that
there was no anomalous condensation of the mutant proin-
sulin simply by virtue of an unphysiologically high local
concentration in the secretory pathway. With the provisos
mentioned above (and notably the possibly aberrant behav-
ior of the mutant proinsulin), we therefore conclude that the
model system is valid for the purposes of this study. We do
however agree with Arvan and coworkers that both sorting
for entry (from the TGN to immature granules) and sorting
by retention (in granules) are operational in secretory cells
but that the relative contribution of each mechanism will
vary from one cell setting to another and from one secretory
protein to another (Arvan et al., 2002).

Our results are in fact in keeping with several other ex-
periments in primary cells, both in vitro and in vivo. In
human, type 2 (noninsulin-dependent) diabetes is associated
with an increased ratio of proinsulin:insulin in the circula-
tion. This is not believed to be due to an intrinsic defect in
conversion. In this situation, proinsulin is secreted via the
regulated pathway (Kahn and Halban, 1997). In mice, the
homozygous Cpe™/Cpef mutation in carboxypeptidase E
leads to a profound inhibition of proinsulin conversion.
Although it has been suggested that carboxypeptidase is a
sorting receptor in the TGN (Cool et al., 1997), this hypoth-
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esis has been questioned (Thiele et al., 1997) and uncon-
verted proinsulin in B-cells from these mice does seem to be
sorted efficiently to the regulated pathway and stored within
granules (Irminger et al., 1997; Varlamov et al., 1997). This is
confirmed by the presence of granules with a pale homog-
enous content by electron microscopy (Naggert et al., 1995)
typical of proinsulin-rich granules (Orci et al., 1994). In
knockout mice lacking the conversion enzyme PC2, there is
again apparently normal storage of unconverted proinsulin
(along with conversion intermediates) in granules (Furuta et
al., 1998). Even though proinsulin is thus clearly stored in
granules in B-cells from both these mice, it could be rea-
soned that there is nonetheless some leakiness with time and
this has not been tested experimentally. Regardless, the
amounts of unprocessed proinsulin cleared from granules
must be modest. Finally, we have shown previously that
proinsulin that cannot be converted due to incorporation of
analogs of lysine and arginine (thialysine and canavanine) is
sorted to immature granules and secreted in response to
secretagogues (Halban et al., 1984; Orci et al., 1984).

In conclusion, mutant proinsulin that cannot be processed
by endoproteases is handled by the regulated pathway of
B-cells as efficiently as the native prohormone and its con-
version product insulin. Processing is thus not important per
se for sorting to granules or retention in this storage com-
partment.
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